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ABSTRACT
Recent observations of binary stars in the Galactic field show that the binary fraction
and the mean orbital separation both decrease as a function of decreasing primary
mass. We present N -body simulations of the effects of dynamical evolution in star-
forming regions on primordial binary stars to determine whether these observed trends
can be explained by the dynamical processing of a common binary population. We
find that dynamical processing of a binary population with an initial binary fraction
of unity and an initial excess of intermediate/wide separation (100 – 104 au) bina-
ries does not reproduce the observed properties in the field, even in initially dense
(∼ 103M⊙ pc
−3) star-forming regions.
If instead we adopt a field-like population as the initial conditions, most brown
dwarf and M-dwarf binaries are dynamically hard and their overall fractions and sep-
aration distributions are unaffected by dynamical evolution. G-dwarf and A-star bi-
naries in the field are dynamically intermediate in our simulated dense regions and
dynamical processing does destroy some systems with separations >100 au. However,
the formation of wide binaries through the dissolution of supervirial regions is a strong
function of primary mass, and the wide G-dwarf and A-star binaries that are destroyed
by dynamical evolution in subvirial regions are replenished by the formation of bina-
ries in supervirial regions. We therefore suggest that the binary population in the field
is indicative of the primordial binary population in star-forming regions, at least for
systems with primary masses in the range 0.02 – 3.0M⊙.
Key words: stars: formation – open clusters and associations – methods: numerical
– binaries: general
1 INTRODUCTION
Understanding the origin of the Galactic field population is
one of the most important outstanding problems in astro-
physics. The field is likely a mixture of many types of star-
forming region, but at present we have little information on
the ‘average’ star forming region that populates the field in
terms of its mass, density, kinematics, chemical signature
and binary properties.
The initial mass function (IMF) of stars is one poten-
tial clue to the dominant star formation event. If the IMF
were to vary as a function of environment, then this would
place constraints on the star formation event which dom-
inantly contributes to the field. However, many studies of
star-forming (SF) regions, clusters and associations over the
past twenty years suggest that the environment in which
stars form has little influence on the IMF, which appears
to be invariant in Galactic SF regions, and is the same as
⋆ E-mail: R.J.Parker@ljmu.ac.uk
in the field (Bastian, Covey & Meyer 2010, and references
therein).
Binary stars are potentially more of a strong constraint
on the origin of the Galactic field than the IMF. The seminal
paper by Duquennoy & Mayor (1991) found that the mul-
tiplicity fraction (hereafter ‘binary fraction’) of Solar-type
G-dwarf stars (primary masses in the range 0.8 – 1.2M⊙)
to be fbin = 0.58, where
fbin =
B + T + ...
S +B + T + ...
, (1)
and S, B and T are the number of single, binary and triple
systems, respectively. These authors also demonstrated that
the period distribution can be approximated with a log-
normal distribution extending over many orders of magni-
tude; from spectroscopic (close) binary systems with sepa-
rations ∼ 10−3 au to extremely wide (‘common proper mo-
tion’) systems with separations ∼ 105 au. In general, the
surveys of binary stars are usually sensitive to companions
with a mass ratio q > 0.1 (e.g. Ducheˆne & Kraus 2013),
where
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q =
ms
mp
(2)
and mp and ms are the masses of the primary (usually more
massive) and secondary component stars, respectively.
Following the work on Solar-type primaries,
Fischer & Marcy (1992) collated the binary statistics
for lower-mass M-dwarf stars. Unfortunately, the data were
not as complete as for the G-dwarfs, but suggested that the
binary fraction of M-dwarfs was slightly lower (fbin = 0.42)
but with a log-normal separation distribution with a similar
mean and variance to the G-dwarfs.
In principle, it should be possible to compare the overall
fraction, separation distribution (and other orbital parame-
ters) of binaries in SF regions to those in the field. Unfortu-
nately, observations of binaries in SF regions are often lim-
ited to a (comparatively) narrow separation range (usually
10s – 1000s au, King et al. 2012b, and references therein).
Depending on the local density of a SF region, it is usually
these systems – ‘intermediate’ binaries – which are suscep-
tible to destruction through dynamical encounters (Heggie
1975; Hills 1975a,b), often in a way that is difficult to ac-
count for in a simple analytical model (Fregeau et al. 2006;
Parker & Goodwin 2012).
This in turn makes comparing the binary statistics be-
tween different regions somewhat difficult. As an exam-
ple, the Orion Nebula Cluster (ONC) contains no wide
(>1000 au) binaries (Scally et al. 1999), and in the range 62
– 620 au has a binary fraction and separation distribution
which is consistent with the field (Reipurth et al. 2007). On
the other hand, the Taurus association appears to contain
an excess of wide binaries (Ko¨hler & Leinert 1998), as do
several other regions and open clusters (e.g. Patience et al.
2002; Ko¨hler et al. 2008). Do these differences between re-
gions point to different star formation outcomes (as sug-
gested by King et al. 2012b), or are they merely the result
of dynamical evolution of a common primordial population
in regions with different densities (Marks & Kroupa 2012)?
The apparent excess of binary systems with intermedi-
ate/wide separations (10s – 1000s au) in some SF regions
led Kroupa (1995a) to postulate that the primordial bi-
nary fraction could be as high as unity, and that binaries
form from a universal initial period distribution (Kroupa
1995b; Kroupa & Petr-Gotzens 2011), which is modified by
dynamical interactions in dense regions and clusters such as
the ONC, but not in more sparse regions such as Taurus.
This model has been invoked to explain the binary proper-
ties in several regions (Marks & Kroupa 2012), although the
comparison with observations is necessarily limited to the
observed separation range. Kroupa (1995a); Kroupa et al.
(1999) and Marks & Kroupa (2012) suggest that the binary
fraction (∼ 0.5) and log-normal separation distribution in
the field result from the dynamical processing of binaries
which form from the Kroupa (1995b) universal period dis-
tribution and a binary fraction of unity.
In recent years, several groups of authors have con-
ducted new observations of binary stars in the field, and
updated the statistics. Raghavan et al. (2010) revisited the
Solar-type G-dwarfs in the field and re-affirmed the earlier
work by Duquennoy & Mayor (1991); they found an overall
binary fraction of 0.46 and a log-normal period/separation
distribution with a peak at a¯ = 50 au. Most notably,
Bergfors et al. (2010) showed that the M-dwarfs in the field
Figure 1. The log-normal fits to binary separation distributions
in the Galactic field. From right to left, the fit to A-star binaries
(De Rosa et al. 2014) is shown by the green line, the fit to G-
dwarfs (Raghavan et al. 2010) is shown by the red line, the fit to
M-dwarfs is shown by the blue line (Janson et al. 2012) and the fit
to very low mass binaries (Burgasser et al. 2007; Thies & Kroupa
2007) is shown by the orange line. See Table 1 for details of each
log-normal fit. Each distribution is normalised to the binary frac-
tion in the field.
have a lower binary fraction – 0.34 – than that determined by
Fischer & Marcy (1992), and Janson et al. (2012) demon-
strated that the M-dwarf separation distribution peaks at a
significantly lower value than for the G-dwarfs (16 au instead
of 50 au).
Observations of A-star binaries (De Rosa et al. 2012,
2014) show that they have a binary fraction of 0.48, slightly
higher than that of G-dwarfs, but their separation distribu-
tion peaks at much higher values (389 au), whereas observa-
tions of brown dwarf binaries (Burgasser et al. 2007) show
they have a binary fraction of 0.15 and a separation distribu-
tion that peaks at much lower values (4.6 au) than the more
massive M-, G- and A-type binaries. In Fig. 1 we show the
log-normal fits to the separation distributions, normalised to
the respective binary fractions for the brown dwarfs (orange
line), M-dwarfs (blue line), G-dwarfs (red line) and A-stars
(green line). In Fig. 2 we show these separation distributions
as cumulative distributions (with the same colour scheme).
A summary of these distributions and the parameters used
to create them, along with the literature references, are pro-
vided in Table 1.
In addition to the decreasing peak of the separa-
tion distribution with decreasing primary mass, the width
(i.e. variance) of the distribution also decreases from G-
dwarfs to brown dwarfs, although the width of the A-
star distribution is similar to the M-dwarf distribution.
De Rosa et al. (2014) point out that their observations of
A-stars are not sensitive to sub-30 au binaries, which could
imply that the separation distribution for A-stars is wider
than observed. Ducheˆne & Kraus (2013) argue for a double-
peaked separation distribution for A-star binaries, and we
discuss this possibility and its implications further in Sec-
tion 3.
In summary, the observed binary fraction, and the av-
erage separation, appear to decrease as a function of de-
c© 2014 RAS, MNRAS 000, 1–17
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Table 1. Binary properties of systems observed in the Galactic field. We show the spectral type of the primary mass, the main sequence
mass range this corresponds to, the binary fraction fbin, the observed mean separation a¯, and the mean (log a¯) and variance (σlog a¯) of
the log-normal fits to these observed separation distributions.
Type Primary mass fbin a¯ log a¯ σlog a¯ Ref.
A 1.5 < m/M⊙ 6 3.0 0.48 389 au 2.59 0.79 De Rosa et al. (2014)
G-dwarf 0.8 < m/M⊙ 6 1.2 0.46 50 au 1.70 1.68 Raghavan et al. (2010)
M-dwarf 0.08 < m/M⊙ 6 0.45 0.34 16 au 1.20 0.80 Bergfors et al. (2010); Janson et al. (2012)
Brown dwarf 0.02 < m/M⊙ 6 0.08 0.15 4.6 au 0.66 0.4 Burgasser et al. (2007); Thies & Kroupa (2007)
Figure 2. Cumulative distributions of the log-normal fits to bi-
nary separation distributions in the Galactic field. From right
to left, the distribution for A-star binaries (De Rosa et al. 2014)
is shown by the green line, the fit to G-dwarfs (Raghavan et al.
2010) is shown by the red line, the fit to M-dwarfs is shown by
the blue line (Janson et al. 2012) and the fit to very low mass
binaries (Burgasser et al. 2007; Thies & Kroupa 2007) is shown
by the orange line.
creasing primary mass in the Galactic field. In this paper,
we investigate the extent to which these differences are due
to the effects of dynamical evolution on a single common
primordial binary population (i.e. a binary fraction of unity
and the Kroupa (1995b); Kroupa & Petr-Gotzens (2011) ini-
tial period distribution). We describe the method for setting
up dense SF regions and binaries in our N-body simulations
in Section 2, we describe the results in Section 3, we provide
a discussion in Section 4 and we conclude in Section 5.
2 METHOD
In this section, we describe the method used to set up and
run our numerical simulations of the evolution of binary pop-
ulation in star forming regions.
2.1 Star forming region set up
Observations of many young star forming regions suggest
that stars form in filamentary distributions (Andre´ et al.
2010; Arzoumanian et al. 2011), which leads to a hierarchi-
cal, or self-similar substructured spatial distribution of stars
(e.g. Cartwright & Whitworth 2004; Schmeja & Klessen
2006; Gouliermis et al. 2014). A convenient way of creating
substructure as the initial conditions for N-body simula-
tions is to use a fractal distribution (Goodwin & Whitworth
2004), where the degree of substructure is described by just
one number, the fractal dimension, D.
In this paper, we use very fractal (D = 1.6 in
three dimensions) distributions as the initial conditions –
although both observations (Cartwright & Whitworth
2004; Schmeja et al. 2008; Sa´nchez & Alfaro 2009;
Gouliermis et al. 2014) and simulations of star formation
(Schmeja & Klessen 2006; Girichidis et al. 2012; Dale et al.
2012, 2013) show that higher fractal dimensions (less sub-
structure) are possible. The fractals are set up so that local
velocities of stars are correlated (Goodwin & Whitworth
2004) but distant stars can have very different velocities. For
full details of the construction of the fractals, we refer the
reader to Goodwin & Whitworth (2004) and Parker et al.
(2014).
The fractals each contain 1500 stars and have a ra-
dius rF = 1pc, which leads to local densities of ρlocal ∼
103M⊙ pc
−3. We adopt two different initial dynamical states
for our simulated star forming regions. In two sets of simula-
tions we scale the velocities to be subvirial (αvir = 0.3, where
the virial ratio αvir = T/|Ω|; T and |Ω| are the total kinetic
energy and total potential energy of the stars, respectively).
This leads to the erasure of substructure within several
crossing times, and the region collapses to form a centrally
concentrated, bound star cluster. When the substructure
has these high initial densities, virtually all of the dynami-
cal destruction of binaries occurs before the subsequent col-
lapse and formation of a cluster (Parker, Goodwin & Allison
2011).
In a third set of simulations, we scale the velocities to
be supervirial, αvir = 1.5. These regions expand, but retain
some substructure and can result in the formation of an
association-like complex, or a binary cluster (Parker et al.
2014). The initial density of the substructure in both our
simulated subiviral and supervirial regions is significantly
more dense than the majority of nearby star-forming re-
gions (Bressert et al. 2010), which will likely contribute to
the Galactic field. This is to allow for the possibility that
the field may be the sum of clusters that were more dense
at earlier epochs (Longmore et al. 2014), which would imply
that the field binaries are more likely to have been dynam-
ically processed, or that the local star-forming regions in
Bressert et al. (2010) are somehow not representative of all
regions.
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We draw primary stellar masses from the analytic de-
termination of the IMF by Maschberger (2013) which has a
probability density function of the form:
p(m) ∝
(
m
µ
)−α(
1 +
(
m
µ
)1−α)−β
. (3)
Eq. 3 essentially combines the log-normal approximation
for the IMF derived by Chabrier (2003, 2005) with the
Salpeter (1955) power-law slope for stars with mass >1M⊙.
Here, µ = 0.2M⊙ is the average stellar mass, α = 2.3 is
the Salpeter power-law exponent for higher mass stars, and
β = 1.4 is the power-law exponent to describe the slope
of the IMF for low-mass objects (which also deviates from
the log-normal form; Bastian et al. 2010). Finally, we sam-
ple from this IMF within the mass range mlow = 0.01M⊙
to mup = 50M⊙.
2.2 Binary populations
We utilise two separate binary populations in our simula-
tions. In one set of simulations all binaries form from a ‘com-
mon’ primordial population, i.e. the binary fraction is unity
(everything forms in a binary) and the semi-major axes are
drawn from the same initial distribution. In this scenario,
we are testing the hypothesis that the observed decrease in
binary fraction and mean separation as a function of pri-
mary mass is due to the dynamical processing of a common
population, and that systems with lower primary masses
(and therefore lower binding energy on average) are simply
more susceptible to destruction. In the remaining simula-
tions, we use set the binary fractions and semi-major axis
distributions as a function of primary mass, as observed in
the Galactic field.
In all cases, secondary masses are drawn from a flat
mass ratio (q) distribution, as observed in the Galactic
field and most star-forming regions (Metchev & Hillenbrand
2009; Reggiani & Meyer 2011, 2013). Dynamical evolution is
not expected to alter the shape of the mass ratio distribution
(Parker & Reggiani 2013).
In all cases, orbital eccentricities are drawn from a
flat distribution, as observed for the G-dwarf field binaries
(Raghavan et al. 2010) and also M-dwarfs (Abt 2006) – the
initial eccentricity distribution (if different from the field)
from the star formation process remains unconstrained by
observations (Ducheˆne & Kraus 2013).
2.2.1 Common separation distribution
In a series of pioneering papers, Kroupa (1995a,b) stud-
ied the dynamical evolution of binary populations in star
clusters and suggested that the primordial binary frac-
tion should be higher than observed in the field, and that
an excess of intermediate–wide binaries (with separations
> 1000 au) was necessary to explain the apparent excess of
wide binaries the Taurus association compared to the field
distributions for G- and M-dwarfs (Duquennoy & Mayor
1991; Fischer & Marcy 1992).
Kroupa (1995a) suggested a primordial binary popula-
tion with fbin = 1 and a period distribution of the following
form:
Table 2. Summary of simulation set-ups. The columns show the
simulation suite number, number of stars, Nstars, initial virial
ratio of the regions, αvir, initial binary fraction, fbin, and the
initial semi-major axis distribution, f(a).
Sim.No. Nstars αvir fbin f(a)
1 1500 0.3 1.00 Common (Eq. 5)
2 1500 0.3 field field
3 1500 1.5 field field
f (log10P ) = η
log10P − log10Pmin
δ + (log10P − log10Pmin)
2
, (4)
where log10Pmin is the logarithm of the minimum period
in days and log10Pmin = 0. η = 3.5 and δ = 100 are
the numerical constants adopted by Kroupa (1995a) and
Kroupa & Petr-Gotzens (2011) to fit the observed pre-main
sequence distributions.
However, drawing binary periods from a particular dis-
tribution and then converting to separation means that if P
is constant, a is proportional to m1+m2, the binary system
mass. So for a similar orbital period, an M-dwarf binary will
have a smaller semi-major axis than a G-dwarf binary – and
hence is ‘harder’ and could be less likely to be destroyed.
To avoid this, we approximate the Kroupa (1995a) period
distribution in terms of semi-major axes as:
f (log10a) = η
log10a− log10amin
δ + (log10a− log10amin)
2
, (5)
where log10a is the logarithm of the semi-major axis in au
and log10amin = −2 (amin = 0.01 au). The constants are
now η = 5.25 and δ = 77. This then avoids the small dif-
ferences in separation distribution as a function of primary
mass when using a common period distribution (although
we ran a test simulation and found that the differences to
the results are minimal – see Section 3).
2.2.2 Field separation distributions
In the remaining simulations, we use the observed bi-
nary properties in the Galactic field as the initial condi-
tions for our binary populations. A summary of the dif-
fering properties as a function of primary mass is given
in Table 1. Systems with a primary mass in the range
0.02 < m/M⊙ 6 0.08 are brown dwarf binaries, with a
corresponding fraction fbin = 0.15 and a log-normal semi-
major axis distribution with mean log a¯ = 0.66 and variance
σlog a¯ = 0.40 (Burgasser et al. 2007; Thies & Kroupa 2007).
Systems with primary masses in the range 0.08 < m/M⊙ 6
0.45 are M-dwarf binaries, with a fraction fbin = 0.34
and a log-normal semi-major axis distribution with mean
log a¯ = 1.20 and variance σlog a¯ = 0.80 (Bergfors et al. 2010;
Janson et al. 2012). Systems with primary masses in the
range 0.8 < m/M⊙ 6 1.2 are G-dwarf binaries with a frac-
tion fbin = 0.46 and a log-normal semi-major axis distri-
bution with mean log a¯ = 1.70 and variance σlog a¯ = 1.68
(Raghavan et al. 2010). Systems with primary masses in the
range 1.5 < m/M⊙ 6 3.0 are A-star binaries with a frac-
tion fbin = 0.48 and a log-normal semi-major axis distri-
bution with mean log a¯ = 2.59 and variance σlog a¯ = 0.79
(De Rosa et al. 2014). There is also evidence of a bimodal
c© 2014 RAS, MNRAS 000, 1–17
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Table 3. A summary of the results for the simulations containing binaries drawn from a common population (identical separation
distribution and binary fraction). From left to right, the columns are primary component mass-type, the input binary fraction, fbin
(init.), the actual binary fraction calculated before dynamical evolution, fbin (0Myr), the binary fraction calculated after 10Myr of
dynamical evolution, fbin (10Myr), the median separation before dynamical evolution, a˜ (0Myr), and the median separation after
10Myr of dynamical evolution, a˜ (10Myr).
Primary fbin (init.) fbin (0Myr) fbin (10Myr) a˜ (0Myr) a˜ (10Myr)
A-star 1.00 0.75 0.56 47 au 18 au
G-dwarf 1.00 0.73 0.55 34 au 14 au
M-dwarf 1.00 0.69 0.42 33 au 8.9 au
Brown dwarf 1.00 0.56 0.25 30 au 5.5 au
distribution for A-stars, with a second peak around 0.01 au
(Ducheˆne & Kraus 2013) – however, these binaries are un-
likely to be altered by dynamical evolution and we do not
include them in our simulations.
We also include more massive binaries with fbin = 1.0
and an O¨pik (1924) distribution of semi-major axes in the
range 0 < a < 50 au for all binaries with primary masses
greater than 3.0M⊙, as suggested by the observations of
Sana et al. (2013), although we do not consider these bina-
ries further in our analysis. Any binaries lying outside the
mass ranges discussed (e.g. K-type and F-type primaries)
are assigned the same properties as the G-dwarfs. Again,
these are not considered in the subsequent analysis.
We place binaries or single stars at the position of each
system in the fractal distribution and run the simulations
for 10Myr using the kira integrator in the Starlab pack-
age (Portegies Zwart et al. 1999, 2001). We do not include
stellar evolution in the simulations. A summary of the sim-
ulation parameter space is given in Table 2.
3 RESULTS
In this Section we describe the effects of dynamical evolution
on binaries drawn from a single common population in col-
lapsing star-forming regions (Sect. 3.1), binaries drawn from
the the field populations in collapsing star-forming regions
(Sect. 3.2.1) and binaries drawn from the field populations
in expanding star-forming regions (Sect. 3.2.2).
We identify binaries using the nearest neigh-
bour algorithm described in Parker et al. (2009) and
Kouwenhoven et al. (2010). If two stars are mutual nearest
neighbours, and their separation is less than a quarter of the
mean separation between stars in the simulation, then we
determine whether the two stars are energetically bound.
If so, we classify them as a binary system. We note that
other methods to identify binaries (and multiple systems)
are also utilised in the literature (e.g. Bate 2009).
3.1 Common primordial binary population
In the first set of simulations, we draw all the binary systems
from a single, common population. The input binary fraction
is unity, and the separation distribution is constructed to
Figure 3. Evolution of the binary fraction for binaries with prop-
erties drawn from a single primordial population in simulated
dense star forming regions undergoing cool-collapse. The first
(top, green) line shows the evolution of the A-star binary frac-
tion; the second (red) line shows the evolution of the G-dwarf
binary fraction; the third (blue) line shows the evolution of the
M-dwarf binary fraction; and the fourth (bottom, orange) line
shows the evolution of the brown dwarf binary fraction.
mimic the pre-main sequence period distribution in Kroupa
(1995a)1. We summarise the results in Table 3.
As noted in Parker et al. (2011), the large number of
wide (> 104 au) systems generated by this distribution pre-
cludes them from being physically bound in our locally dense
(ρlocal ∼ 10
3 M⊙ pc
−3, Parker et al. 2014) simulated regions.
The binary fractions at 0Myr (i.e. before dynamical evolu-
tion), are therefore substantially lower than the ‘initial’ bi-
nary fraction of unity (see Fig. 3).
In Fig. 3 we show the evolution of the binary fraction
for our four chosen primary mass ranges. Systems with a
brown dwarf primary are shown by the (bottom) orange
line, those with an M-dwarf primary are shown by the (lower
1 We also used the original period distribution in one set of simu-
lations and converted periods to separations using the component
masses; the results are very similar.
c© 2014 RAS, MNRAS 000, 1–17
6 R. J. Parker & M. R. Meyer
(a) Brown dwarf binaries, 10 Myr (b) M-dwarf binaries, 10 Myr
(c) G-dwarf binaries, 10 Myr (d) A-star binaries, 10 Myr
Figure 4. Evolution of the separation distributions for binaries with properties drawn from a single primordial population in simulated
dense star forming regions undergoing cool-collapse. In all panels, the open histogram shows the distribution at 0Myr (i.e. before
dynamical evolution) and the hashed histogram shows the distribution after 10Myr. In panel (a) we show the evolution of the distribution
for brown dwarf (BD) binaries; the log-normal approximation to the data from Thies & Kroupa (2007) is shown by the (solid) orange
line (normalised to a binary fraction of 0.15), and the log-normal approximation to the data assuming ‘missing’ systems (Basri & Reiners
2006) is shown by the (dot-dashed) magenta line (normalised to a binary fraction of 0.26). In panel (b) we show the evolution of the
distribution for M-dwarf binaries; the log-normal approximation to the data by Janson et al. (2012) is shown by the (solid) blue line
(normalised to a binary fraction of 0.34). In panel (c) we show the evolution of the distribution for G-dwarf binaries; the log-normal
approximation to the data by Raghavan et al. (2010) is shown by the (solid) red line. In panel (d) we show the evolution of the distribution
for A-star binaries; the log-normal approximation to the visual binary data by De Rosa et al. (2014) is shown by the (solid) green line
(normalised to a binary fraction of 0.48), and the fit to the bimodal distribution discussed in Ducheˆne & Kraus (2013) is shown by the
(dot-dashed) purple line (normalised to a binary fraction of 0.70).
middle) blue line, those with a G-dwarf primary are shown
by the (upper middle) red line and the (top) green line is for
A-star primaries. We immediately see that fewer low-mass
binaries are bound at 0Myr compared to high-mass systems
(for example, the binary fraction of brown dwarf binaries at
0Myr is 0.56, compared to 0.75 for A-star binaries).
The subsequent dynamical evolution (both in the sub-
structure, and when the region collapses to form a spherical
cluster) reduces the binary fractions further. After 10Myr
the binary fraction of brown dwarf binaries is 0.25, com-
pared to 0.42 for the M-dwarfs, 0.55 for the G-dwarfs, and
0.56 for the A-stars. At first sight, dynamical evolution of a
common binary population appears to result in binary frac-
tions roughly consistent (although a little high) with those
observed in the Galactic field, and the trend for lower binary
fraction with lower primary mass is recovered.
However, examination of the separation distribution af-
ter 10Myr suggests that a common primordial binary frac-
c© 2014 RAS, MNRAS 000, 1–17
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(a) Brown dwarf binaries, 10 Myr (b) M-dwarf binaries, 10 Myr
(c) G-dwarf binaries, 10 Myr (d) A-star binaries, 10 Myr
Figure 5. Evolution of the cumulative separation distributions for binaries with properties drawn from a single primordial population in
simulated dense star forming regions undergoing cool-collapse. In all panels, the dotted line shows the distribution at 0Myr (i.e. before
dynamical evolution) and the solid line shows the distribution after 10Myr. In all panels the dashed lines show the respective cumulative
distributions of the log-normal fits to the data for each primary mass range observed in the Galactic field (detailed in Table 1). In panel
(a) the cumulative distribution proposed by (Basri & Reiners 2006) is shown by the dot-dashed magenta line. In panel (d) the bimodal
distribution discussed in Ducheˆne & Kraus (2013) is shown by the dot-dashed purple line.
tion and separation distribution cannot be the dominant
initial conditions for star formation in binaries. In Fig. 4
we show histograms of the separation distributions at 0Myr
(before dynamical evolution; the open histogram in all pan-
els) and at 10Myr (the hashed histograms). In Fig. 4(a)
we show the log-normal fit by Thies & Kroupa (2007) to
the observed separation distribution of very low mass bi-
naries presented in Burgasser et al. (2007) by the solid or-
ange line, which has a mean separation of a¯ = 4.6 au.
We also show the log-normal fit by Basri & Reiners (2006),
which accounts for potentially closer (Maxted & Jeffries
2005) and wider (Bouy et al. 2006; Dhital et al. 2011) brown
dwarf binaries that remain undiscovered (the dot-dashed
magenta line). The histograms of the binaries in the sim-
ulations are normalised to the respective binary fractions
at 0Myr (0.56) and 10Myr (0.25), whereas the fits to the
data are normalised to the observed binary fractions (0.15,
Thies & Kroupa 2007), or 0.26 in the case of the fit by
Basri & Reiners (2006).
In Fig. 4(b) we show the log-normal fit to the observed
separation distribution of M-dwarf binaries by Janson et al.
(2012), which has a mean separation of a¯ = 16 au, by the
solid blue line. This is normalised to the binary fraction of
M-dwarfs in the field (0.34; Bergfors et al. 2010). The open
histogram shows the distribution of binary separations at
0Myr in the simulations, normalised to the initial binary
fraction (0.69), and the hashed histogram shows the distri-
bution at 10Myr, normalised to the binary fraction (0.42).
The log-normal fit to the G-dwarf binaries by
Raghavan et al. (2010), normalised to the observed binary
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fraction of 0.46 is shown by the solid red line in Fig. 4(c).
The initial separation distribution, normalised to the binary
fraction at 0Myr (0.73) is shown by the open histogram, and
the sepration distribution at 10Myr is shown by the hashed
histogram, normalised to the binary fraction (0.55).
In Fig. 4(d) we show the log-normal fit to the observed
visual A-star binaries (De Rosa et al. 2012, 2014), which
has a mean separation of a¯ = 389 au, by the solid green
line, normalised to the A-star visual binary fraction of 0.48
(De Rosa et al. 2014). Ducheˆne & Kraus (2013) discuss a
bi-modal separation distribution for A-star binaries, which
takes into account short-separation spectroscopic binaries in
associations, which may make up a significant fraction of the
field but have separations that the survey of De Rosa et al.
(2014) is not sensitive to. We show the bi-modal distribution
in Ducheˆne & Kraus (2013) by the purple dot-dashed line in
Fig. 4(d), which is normalised to a binary fraction of 0.70.
The binaries at 0Myr in our simulations are shown by the
open histogram (normalised to the initial binary fraction of
0.75) and the separation distribution of binaries remaining
after 10Myr is shown by the hashed histogram (normalised
to the binary fraction of 0.56).
In these histograms normalised to binary fractions, too
many close (< 10 au) binaries are produced (and remain af-
ter dynamical evolution) for the brown dwarf and M-dwarf
primary mass ranges (Figs. 4(a) and 4(b)). After dynami-
cal evolution, too many G-dwarf binaries in the separation
range 1 – 200 au are present (Fig. 4(c)), and the previously
reported deficit of wide binaries in dense clusters is also ap-
parent (Parker et al. 2011). When we compare the evolu-
tion of the separation distribution of A-star binaries in our
simulations, the common primordial separation distribution
over-produces binaries in the range 1 – 100 au, and under-
produces binaries in the range 100 – 105 au (see Fig. 4(d)).
We also note that that a common primordial separation
distribution is also inconsistent with the bi-modal separa-
tion distribution for A-stars presented in Ducheˆne & Kraus
(2013).
The histograms in Fig. 4 show the evolution of both the
binary fraction and the separation distribution. For com-
pleteness, we now examine only the evolution of the separa-
tion distributions for each primary mass range using cumula-
tive distributions. The results are shown in Fig. 5 where the
fits to the data as observed in the Galactic Field are shown
by the dashed lines in each panel. The alternative fit to the
brown dwarf binary distribution by Basri & Reiners (2006)
is shown by the dot-dashed (magenta) line in Fig. 5(a),
and the bimodal fit to the A-star data by Ducheˆne & Kraus
(2013) is shown by the dot-dashed (purple) line in Fig. 5(d).
In all panels, the separation distribution as measured at
0Myr in the simulations is shown by the dotted lines,
and the distribution after 10Myr of dynamical evolution is
shown by the solid lines.
As indicated in the histograms in Fig. 4, far too many
close binaries remain after dynamical evolution, which dom-
inate the cumulative separation distributions. In the case of
the G-dwarfs and A-stars, the distributions at 0Myr already
sit to the left (closer separations) of the observed field dis-
tributions. The subsequent dynamical evolution then shifts
these distributions to even closer separations on average.
The only binaries which have a roughly similar distribution
to the field are those with brown dwarf primaries, where
Figure 6. Evolution of the binary fraction for binaries with prop-
erties drawn from the field population distributions in simulated
dense star forming regions undergoing cool-collapse. The first
(top, green) line shows the evolution of the A-star binary frac-
tion; the second (red) line shows the evolution of the G-dwarf
binary fraction; the third (blue) line shows the evolution of the
M-dwarf binary fraction; and the fourth (bottom, orange) line
shows the evolution of the brown dwarf binary fraction.
the mean separation after 10Myr of evolution is similar to
the mean in the observed separation distribution . How-
ever, the overall shape of the distribution in the simula-
tions is wider than the more commonly adopted fit to the
Burgasser et al. (2007) data by Thies & Kroupa (2007) – see
also Ducheˆne & Kraus (2013); instead the separation distri-
bution in the simulations is more similar to the (postulated)
extended distribution from Basri & Reiners (2006).
In summary, the evolution of a common primordial bi-
nary population can account for a decreasing binary frac-
tion as a function of decreasing primary mass, but not for
the observed differences in both the mean, and shape, of
the separation distribution between systems with different
primary masses in the field.
3.2 Field-like binary population
Here we will focus on two sets of simulations with the same
binary population, where we take the binary fractions and
separation distributions observed in the Galactic field as ini-
tial conditions. We then evolve the star forming regions in
two distinct ways; in one set of simulations the regions are
subvirial (i.e. collapsing) and in the other they are super-
virial (expanding) so that we can determine the fraction
and properties of systems that form through capture dur-
ing the dissolution of the regions (Kouwenhoven et al. 2010;
Moeckel & Bate 2010).
3.2.1 Regions undergoing cool-collapse
We first examine the evolution of an initially field-like binary
population in a cool, collapsing star forming region. The
results are summarised in Table 4.
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(a) Brown dwarf binaries, 10 Myr (b) M-dwarf binaries, 10 Myr
(c) G-dwarf binaries, 10 Myr (d) A-star binaries, 10 Myr
Figure 7. Evolution of the separation distributions for binaries with properties drawn from the field population distributions in simulated
dense star forming regions undergoing cool-collapse. In all panels, the open histogram shows the distribution at 0Myr (i.e. before
dynamical evolution) and the hashed histogram shows the distribution after 10Myr. In panel (a) we show the evolution of the distribution
for brown dwarf (BD) binaries; the log-normal approximation to the data from Thies & Kroupa (2007) is shown by the (solid) orange
line (normalised to a binary fraction of 0.15), and the log-normal approximation to the data assuming ‘missing’ systems (Basri & Reiners
2006) is shown by the (dot-dashed) magenta line (normalised to a binary fraction of 0.26). In panel (b) we show the evolution of the
distribution for M-dwarf binaries; the log-normal approximation to the data by Janson et al. (2012) is shown by the (solid) blue line
(normalised to a binary fraction of 0.34). In panel (c) we show the evolution of the distribution for G-dwarf binaries; the log-normal
approximation to the data by Raghavan et al. (2010) is shown by the (solid) red line. In panel (d) we show the evolution of the distribution
for A-star binaries; the log-normal approximation to the visual binary data by De Rosa et al. (2014) is shown by the (solid) green line
(normalised to a binary fraction of 0.48), and the fit to the bimodal distribution discussed in Ducheˆne & Kraus (2013) is shown by the
(dot-dashed) purple line.
Fig. 6 shows the evolution of the binary fraction over
10Myr for our four chosen primary mass ranges. As in the
case of the common primordial binary population, the cal-
culated binary fractions of the A-stars (the top green line)
and G-dwarfs (upper middle red line) before dynamical evo-
lution (0Myr) are lower than the input values, because the
widest binaries are not physically bound in the high density
star-forming regions. The M-dwarf and brown dwarf bina-
ries are generally so close that they are all bound before
dynamical evolution. In fact, in this suite of simulations,
the calculated brown dwarf binary fraction is slightly higher
than the input fraction, likely due to wide pairs of brown
dwarfs being classified as binaries due to the correlated ve-
locities in the fractals [this is evident in the bin between 500
– 1000 au in the separation distribution (Fig. 7(a)), which
lies outside the range of the log-normal distribution used to
generate the input separations].
During the subsequent dynamical evolution, the binary
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Table 4. A summary of the results for the simulations of regions undergoing cool-collapse which contain binaries drawn from the field
distributions (see Table 1 for details). From left to right, the columns are primary component mass-type, the input binary fraction,
fbin (init.), the actual binary fraction calculated before dynamical evolution, fbin (0Myr), the binary fraction calculated after 10Myr
of dynamical evolution, fbin (10Myr), the median separation before dynamical evolution, a˜ (0Myr), and the median separation after
10Myr of dynamical evolution, a˜ (10Myr).
Primary fbin (init.) fbin (0Myr) fbin (10Myr) a˜ (0Myr) a˜ (10Myr)
A-star 0.48 0.38 0.34 222 au 46 au
G-dwarf 0.46 0.36 0.32 25 au 18 au
M-dwarf 0.34 0.33 0.24 16 au 12 au
Brown dwarf 0.15 0.16 0.12 4.8 au 4.4 au
(a) Brown dwarf binaries, 10 Myr (b) M-dwarf binaries, 10 Myr
(c) G-dwarf binaries, 10 Myr (d) A-star binaries, 10 Myr
Figure 8. Evolution of the cumulative separation distributions for binaries with properties drawn from the field population distributions
in simulated dense star forming regions undergoing cool-collapse. In all panels, the dotted line shows the distribution at 0Myr (i.e. before
dynamical evolution) and the solid line shows the distribution after 10Myr. In all panels the dashed lines show the respective cumulative
distributions of the log-normal fits to the data for each primary mass range observed in the Galactic field (detailed in Table 1). In panel
(a) the cumulative distribution proposed by (Basri & Reiners 2006) is shown by the dot-dashed magenta line. In panel (d) the bimodal
distribution discussed in Ducheˆne & Kraus (2013) is shown by the dot-dashed purple line.
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fractions are reduced from their initial values. The greatest
change occurs for M-dwarf primaries, where the binary frac-
tion is lowered from 0.33 (0Myr) to 0.24 (10Myr). This is
slightly less than the change reported in Parker et al. (2011)
for similar initial conditions for star forming regions. How-
ever, in that paper the input binary distribution contained a
far higher proportion of wide M-dwarf systems because their
separations were drawn from the Fischer & Marcy (1992) fit
to the M-dwarf separation distribution.
The reduction of the binary fractions of A-star, G-dwarf
and brown dwarf primaries are minimal (0.07, 0.06 and 0.04,
respectively).
The separation distributions, normalised to binary frac-
tion are shown in Fig. 7. In all cases, the open histograms
show the separation distribution before dynamical evolution
(0Myr) and after 10Myr (the hashed histogram). The log-
normal fits to the observed data are shown by the solid
lines in each panel, and the alternative postulated fits to
the brown dwarf binaries and the A-star binaries are shown
by the dot-dashed lines in Figs. 7(a) and 7(d), respectively.
As detailed in Section 3.1, these histograms combine the
evolution of the binary fraction and separation distribution.
The brown dwarf binary fraction decreases, but the shape of
the distribution is still consistent with that observed in the
field (Fig. 7(a)). The M-dwarf, G-dwarf and A-star distribu-
tions show that too few wide (>100 au) binaries remain after
dynamical evolution, although in the case of the G-dwarfs
and A-stars, a substantial fraction of systems from the in-
put distribution are not physically bound before dynamical
evolution takes place.
When we examine the the cumulative separation dis-
tributions (Fig. 8), we see that the shape of the brown
dwarf separation distribution does not deviate from the in-
put (field) distribution (Fig. 8(a)), and the alteration of the
M-dwarf separation distribution Fig. 8(b)) is not as drastic
as suggested when the data are binned and normalised to
the binary fraction, as in the histogram in Fig. 7(b).
The G-dwarf separation distribution contains slightly
too few wide binaries, even before dynamical evolution,
which is apparent when comparing the simulation at 0Myr
(dotted line) to the observed distribution in the field (the
dashed line) in Fig. 8(c). The subsequent dynamical evo-
lution (shown by the solid line) shows two effects; the de-
struction of intermediate-wide binaries (with separations in
the range 10 – 1000 au), but also the formation of very wide
binaries (>1000 au) as the cluster expands after collapse.
A similar effect is also found for the A-stars (the solid line
in Fig. 8(d)), and as with the G-dwarfs, the observed field
distribution (the dashed line) lies to the right (wider separa-
tions) than both the 0Myr and 10Myr distributions in the
simulations.
3.2.2 Regions undergoing warm expansion
Now we examine the evolution of a field-like binary popula-
tion in a warm, expanding star-forming region. The dynam-
ical evolution of these regions (without primordial binaries)
was studied in detail by Parker et al. (2014), and we refer
the interested reader to that work for further details. The
results are summarised in Table 5.
In Fig. 9 we show the evolution of the binary fraction
over 10Myr for these expanding regions. The most strik-
ing feature of this plot is that, whilst the initially dense
substructure processes some of the binaries, during the ex-
pansion of these regions the more massive stars form bi-
nary systems through capture (Kouwenhoven et al. 2010;
Moeckel & Bate 2010). This is seen in the evolution of the
binary fractions; the A-star fraction rises from 0.36 to 0.48
and the G-dwarf fraction also increases slightly.
The histograms of the evolution of the separation dis-
tributions in Fig. 10 clearly show the destruction of some
binaries (in all panels), but also the formation of wider sys-
tems in panels (c) and (d). This formation of these wider
binaries is highly mass dependent; virtually no brown dwarf
and M-dwarf binaries form during the regions’ expansion,
whereas significant numbers of G-dwarf and A-star binaries
form. We interpret this as being due to the more massive G-
and A-stars having a higher collisional crosss section, and are
therefore more likely to form binaries via capture as the star
forming region dissolves into the field. One potential caveat
here is that the input separation distribution in the sim-
ulations contains many wide G-dwarf and A-star binaries,
so these binaries which ‘form’ during the dissolution may
just be quasi-primordial binaries that become bound when
the regions attain lower density. We exclude this possibil-
ity for two reasons. Firstly, we can tag primordial systems
in our simulations, and the systems which form binaries do
not always do so with their birth partner. In these simula-
tions, after 10Myr and over all separations, 100 per cent of
brown dwarf primaries are with their birth partner, and the
fraction decreases to 93 per cent for M-dwarfs, 72 per cent
for G-dwarf and 58 per cent for A-stars (i.e. 42 per cent of
A-star binaries are not birth binaries). If we restrict our sep-
aration range of interest to >1000 au, then no brown dwarf
binaries were born in this separation range, only 21 per cent
of M-dwarf primaries are with their birth partner, rising to
28 per cent for G-dwarfs and 27 per cent for A-stars (the rea-
son for this trend is that fewer M-dwarfs can form 1000 au
binaries than can G-dwarfs or A-stars due to the respective
shapes of the separation distributions). Secondly, we ran a
further suite of simulations with no primordial binaries (sim-
ilar to those in Kouwenhoven et al. 2010) and also found an
increase in the number of wide binaries as a function of in-
creasing primary mass which form over 10Myr.
This is confirmed when we examine the cumulative sep-
aration distributions (Fig. 11), which show almost no change
to the shape of the separation distributions for brown dwarf
and M-dwarf binaries, but a substantial number of wide G-
dwarf and A-star binaries form during the regions’ dissolu-
tion.
Note that we have not considered the formation of hi-
erarchical systems (triples, quadruples, etc) in our analysis;
a high fraction of wide binaries in the field may actually
be such systems and thus counted as ‘binary systems’. Any
such systems in our simulations would merely reinforce the
results described above.
4 DISCUSSION
The N-body simulations presented in Section 3 show that
the field binary population cannot be explained by the dy-
namical evolution of one single, common primordial pop-
ulation (i.e. binary fraction and separation distribution).
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Table 5. A summary of the results for the simulations of regions undergoing warm expansion which contain binaries drawn from the
field distributions (see Table 1 for details). From left to right, the columns are primary component mass-type, the input binary fraction,
fbin (init.), the actual binary fraction calculated before dynamical evolution, fbin (0Myr), the binary fraction calculated after 10Myr
of dynamical evolution, fbin (10Myr), the median separation before dynamical evolution, a˜ (0Myr), and the median separation after
10Myr of dynamical evolution, a˜ (10Myr).
Primary fbin (init.) fbin (0Myr) fbin (10Myr) a˜ (0Myr) a˜ (10Myr)
A-star 0.48 0.36 0.48 234 au 239 au
G-dwarf 0.46 0.38 0.40 23 au 39 au
M-dwarf 0.34 0.33 0.27 16 au 13 au
Brown dwarf 0.15 0.15 0.12 4.8 au 4.6 au
Figure 9. Evolution of the binary fraction for binaries with prop-
erties drawn from the field population distributions in simulated
dense star forming regions undergoing warm expansion. The first
(top, green) line shows the evolution of the A-star binary fraction;
the second (red) line shows the evolution of the G-dwarf binary
fraction; the third (blue) line shows the evolution of the M-dwarf
binary fraction; and the fourth (bottom, orange) line shows the
evolution of the brown dwarf binary fraction.
Whilst dynamical evolution can explain the decreasing bi-
nary fraction with primary mass, it cannot account for the
decreasing peak in mean separation with decreasing primary
mass. The main problem is that in order to sculpt the ini-
tial separation distribution to match the observed deficit of
intermediate/wide (>100 au) low-mass (brown dwarf and M-
dwarf) binary systems, the SF regions need to be so dense
that the resultant dynamical evolution results in too few
G-dwarf and A-star binaries with intermediate/wide sepa-
rations remaining. If some SF regions are initially super-
virial, correlated velocities on local scales (Larson 1982) can
result in the formation of wide G-dwarf and A-star bina-
ries (Kouwenhoven et al. 2010; Moeckel & Bate 2010), but
then do not destroy enough hard/intermediate M-dwarf and
brown dwarf binaries.
The above findings appear to contradict the earlier work
by Kroupa (1995a,b, 2008); Marks & Kroupa (2012), who
find that a common primordial binary population can ex-
plain the field binary population. This earlier work com-
pared the results of N-body simulations to the G-dwarf
and M-dwarf binary distributions observed in the field by
Duquennoy & Mayor (1991) and Fischer & Marcy (1992).
Whilst the updated G-dwarf separation distribution and
fraction presented by Raghavan et al. (2010) does not dif-
fer greatly from Duquennoy & Mayor (1991), the improved
M-dwarf surveys by Bergfors et al. (2010) and Janson et al.
(2012) suggest that both the binary fraction, and separa-
tion distribution lie inbetween the fractions/separation dis-
tributions of brown dwarf and G-dwarf binaries. Interest-
ingly, the data presented by Fischer & Marcy (1992) did
suggest this, but only the recent surveys by Bergfors et al.
(2010) and Janson et al. (2012) were able to demonstrate a
clear difference from the G-dwarf distribution. When com-
pared to these updated observations, the hypothesised com-
mon primordial binary population from Kroupa (1995a);
Kroupa & Petr-Gotzens (2011) is incompatible with the ob-
servations (regardless of primary mass range).
If the primordial binary population used as an ‘input’
in the simulations is field-like (in terms of binary fraction
and separation distribution), the brown dwarf and M-dwarf
binaries are usually so tight that dynamical evolution does
not alter the shape of the separation distribution, and the
only effect of dynamics is to slightly lower the initial binary
fraction. On the other hand, the G-dwarf and A-star sep-
aration distributions are significantly altered, owing to the
prevelance of wide (> 103 au) systems in these distributions.
The problem then becomes one of forming a population
of wide binary systems with G-dwarf and A-star primaries.
This is readily achieved if part of the observed field pop-
ulation originates from the dissolution of supervirial star
forming regions (Kouwenhoven et al. 2010; Moeckel & Bate
2010), or the replenishment of soft binaries in star clus-
ters (Moeckel & Clarke 2011). In the former scenario, the
formation of binaries with higher mass primaries (e.g. G-
dwarf and A-star) is preferred over lower mass (M-dwarf
and brown dwarf) primaries, so the field binary population
naturally occurs from a mix of sub-virial and supervirial SF
regions (or put simply, clusters and associations). Whilst
this is still “fine tuning” to some extent, the advantage of
the field population over the common population scenario
as an input is that the brown dwarf and M-dwarf binaries
are not overproduced.
Furthermore, the argument for binary disruption rests
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(a) Brown dwarf binaries, 10 Myr (b) M-dwarf binaries, 10 Myr
(c) G-dwarf binaries, 10 Myr (d) A-star binaries, 10 Myr
Figure 10. Evolution of the separation distributions for binaries with properties drawn from the field population distributions in
simulated dense star forming regions undergoing warm expansion. In all panels, the open histogram shows the distribution at 0Myr
(i.e. before dynamical evolution) and the hashed histogram shows the distribution after 10Myr. In panel (a) we show the evolution of
the distribution for brown dwarf (BD) binaries; the log-normal approximation to the data from Thies & Kroupa (2007) is shown by the
(solid) orange line (normalised to a binary fraction of 0.15), and the log-normal approximation to the data assuming ‘missing’ systems
(Basri & Reiners 2006) is shown by the (dot-dashed) magenta line (normalised to a binary fraction of 0.26). In panel (b) we show the
evolution of the distribution for M-dwarf binaries; the log-normal approximation to the data by Janson et al. (2012) is shown by the
(solid) blue line (normalised to a binary fraction of 0.34). In panel (c) we show the evolution of the distribution for G-dwarf binaries;
the log-normal approximation to the data by Raghavan et al. (2010) is shown by the (solid) red line. In panel (d) we show the evolution
of the distribution for A-star binaries; the log-normal approximation to the visual binary data by De Rosa et al. (2014) is shown by the
(solid) green line (normalised to a binary fraction of 0.48), and the fit to the bimodal distribution discussed in Ducheˆne & Kraus (2013)
is shown by the (dot-dashed) purple line.
on the assumption that the field population originates
in dense star forming environments. Bressert et al. (2010)
suggested that only 25 per cent of current star forming
regions are dense enough to cause destruction of bina-
ries, although the reliance on the local surface density
in this work was later questioned by a number of au-
thors (Moeckel et al. 2012; Gieles et al. 2012; Pfalzner et al.
2012). Parker & Meyer (2012) suggested that the fraction
of ‘dynamically active’ stars quoted in Bressert et al. (2010)
could be revised upward to ∼50 per cent. Binaries in the
field are of a similar age to the Sun (or older) and it is
possible that star formation occured in more dense envi-
ronments at earlier epochs (Longmore et al. 2014, and ref-
erences therein). However, it seems unlikely that all field
stars originate in very dense environments and a more qui-
escent formation environment would imply less dynamical
sculpting of the field binary population.
With these arguments in mind, we suggest that the bi-
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(a) Brown dwarf binaries, 10 Myr (b) M-dwarf binaries, 10 Myr
(c) G-dwarf binaries, 10 Myr (d) A-star binaries, 10 Myr
Figure 11. Evolution of the cumulative separation distributions for binaries with properties drawn from the field population distributions
in simulated dense star forming regions undergoing warm expansion. In all panels, the dotted line shows the distribution at 0Myr (i.e.
before dynamical evolution) and the solid line shows the distribution after 10Myr. In all panels the dashed lines show the respective
cumulative distributions of the log-normal fits to the data for each primary mass range observed in the Galactic field (detailed in Table 1).
In panel (a) the cumulative distribution proposed by (Basri & Reiners 2006) is shown by the dot-dashed magenta line. In panel (d) the
bimodal distribution discussed in Ducheˆne & Kraus (2013) is shown by the dot-dashed purple line.
nary populations observed in the field are most likely in-
dicative of the primordial populations from star formation
– and dynamical evolution has not played a significant role
in altering the separation distributions or the binary frac-
tion. Parker & Reggiani (2013) show that the companion
mass ratio distribution is not significantly altered by dy-
namical interactions and we suggest that this can be ex-
tended (with caution – see below) to the separation dis-
tribution and binary fraction. Hydrodynamic simulations
that predict the orbital properties and fraction of bina-
ries (e.g. Delgado-Donate et al. 2004; Goodwin et al. 2004;
Offner et al. 2010) can then be compared to the observa-
tions of the field, especially if they make predictions for the
binary properties as a function of primary mass (Bate 2012).
Indeed, earlier work by Moeckel & Bate (2010) took the
end output of hydrodynamical simulations by Bate (2009)
and evolved them for a further 10Myr with an N-body code.
They also noted that very little dynamical processing oc-
cured during the subsequent N-body evolution, and con-
cluded that the binary properties were mainly set during
the star formation phase in the hydrodynamical calculation.
Whilst the simulations presented here are purely N-body,
and the initial conditions differ to those in the N-body sim-
ulations of Moeckel & Bate (2010), our conclusions are sim-
ilar.
We note that our simulations do not contain any gas;
whilst this is unlikely to affect the dynamical destruction
of intermediate/wide binaries in a SF region (or the subse-
quent dynamical evolution of the region, e.g. Offner et al.
2009; Kruijssen et al. 2012), it is possible that dynamical
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friction in dense gas could lead to the orbital decay of bi-
nary stars (and subsequent merging of the component stars,
Stahler 2010). This in turn would mean that the close bina-
ries in the field, whilst unaffected by dynamical interactions
in SF regions, may not be primordial in the sense that close
separation (<1 au) binaries are preferentially destroyed (and
the overall binary fraction is lowered) by the effects of gas
friction, if all close binaries originate from SF regions with
gas densities > 105 cm−3 (Korntreff et al. 2012).
However, given that a single common binary popula-
tion (identical binary fraction and mean separation) across
all primary masses is ruled out by dynamical interactions
due to the observational constraint of decreasing mean sep-
aration and binary fraction with primary mass, we appeal
to Occam’s Razor and suggest that as the field is a better
input population to fit the observations after dynamical evo-
lution, it is likely to be closer to the primordial population
than most other distributions.
Even if dynamical evolution has only had a modest ef-
fect on the binary fraction and orbital parameters of most
systems in the field, we emphasize that much work still re-
mains to be done in understanding the formation and evo-
lution of binary stars (e.g. Reipurth et al. 2014). Most ob-
servations of young star forming regions can only probe bi-
naries with separations in the intermediate regime (10s –
1000s au – King et al. 2012a,b; Ducheˆne & Kraus 2013). It
is these systems that are most likely to change through dy-
namical interactions (Heggie 1975; Hills 1975a,b) – and of-
ten in an unpredictable way (Parker & Goodwin 2012). It is
quite possible that dynamical interactions may play a signif-
icant role in altering the binary properties in some regions
– especially low-mass regions where the effects of dynamics
can be highly stochastic (Becker et al. 2013). We also have
very little information on ‘hard’ binaries in clusters – which
are likely to influence the global dynamical evolution of star
clusters and star-forming regions (e.g. Allison & Goodwin
2011; Geller et al. 2013; Parker et al. 2014).
Furthermore, observations of Class 0 protostars by
Chen et al. (2013) suggest that the binary fraction of these
objects is higher than that found in the later-stage Class I
Young Stellar Objects (YSOs) by Connelley et al. (2008),
which in turn is higher than the fraction found for G-
dwarf Main Sequence binaries by Raghavan et al. (2010).
Connelley et al. (2008) also show that the shape of the spea-
ration distribution of YSO binaries is not log-normal, but
rather flat in log-space [an O¨pik (1924) distribution]. We
first note that the difficulty in determining accurate masses
for Class 0/Class I objects means that the binary poper-
ties of the objects in the samples of Connelley et al. (2008)
and Chen et al. (2013) may not always be comparable with
the Raghavan et al. (2010) sample, as their eventual MS pri-
mary masses may be different. However, regardless of this
caveat, we have shown in this paper that external perturba-
tions on binaries from dynamical interactions in SF regions
are unlikely to account for a drastic change in the binary
fraction and orbital separation distribution of binary sys-
tems. Therefore, if the binary fraction and separation dis-
tribution of protostellar and YSO binaries are different to
that of MS binaries, it is possible that the differences may
be due to internal dynamical evolution of these young sys-
tems (Reipurth et al. 2014), rather than external dynamical
evolution in the SF environment. This is particularly rel-
evant as a high fraction of stars form in triple, quadruple
and higher order multiple systems (Tokovinin 2008, 2014),
which may become (or even form) dynamically unstable
(Reipurth & Mikkola 2012; Reipurth et al. 2014, and refer-
ences therein).
5 CONCLUSIONS
We have presented N-body simulations of the evolution
of dense star-forming regions to determine the impact
of dynamical interactions on different primordial binary
populations. Our results are summarised as follows:
(i) The field binary population is not the end-product of
dynamical processing of a common primordial binary popu-
lation (Kroupa 1995b) with an initial binary fraction of unity
and an excess of systems with intermediate/wide separations
(100 − 104 au). Whilst dynamical evolution does cause the
binary fraction to decrease as a function of primary mass
with these initial conditions, the binary fractions are typ-
ically too high and the difference in mean separation as a
function of decreasing primary mass as observed for binaries
in the Galactic field (Ducheˆne & Kraus 2013) is not repro-
duced.
(ii) If the primordial binary population is similar to
that in the field, very few brown dwarf and M-dwarf bi-
naries are destroyed, due to their average semi-major axis
being well-within the ‘hard’ binary regime at 4.6 au (the
brown dwarfs; Burgasser et al. 2007) and 16 au (the M-
dwarfs; Bergfors et al. 2010; Janson et al. 2012). This sug-
gests that the majority of binaries have been unaffected by
dynamical interactions, as M-dwarfs make up the majority of
stars in the Universe (Bastian et al. 2010; Bochanski et al.
2010).
(iii) G-dwarf and A-star binaries in the field are ob-
served to have wider separations, with peaks at 50 au
(Raghavan et al. 2010) and 389 au (De Rosa et al. 2014), re-
spectively. Whilst some intermediate/wide G-dwarf and A-
star binaries could be destroyed in dense star forming en-
vironments, the formation of wide binaries during the dis-
solution of star-forming regions (Kouwenhoven et al. 2010;
Moeckel & Bate 2010) is a strong function of primary mass.
Therefore, if the field is a mixture of systems from clusters
and associations (or just from expanding associations) then
the formation of these observed wide binary G-dwarf and
A-star systems are a natural outcome of the dissolution of
star-forming regions into the field.
(iv) The combination of points (ii) and (iii), and the
possibility that not all star forming regions are dense enough
to dynamically affect binaries (Bressert et al. 2010), leads us
to suggest that the binary fractions and semi-major axis dis-
tributions in the field are indicative of the primordial popu-
lation.
(v) However, more complete observations of pre-main
sequence binaries in star forming regions are desperately
required in order to determine the origin of the Galactic
field population. Currently, observed visual binaries strad-
dle the hard/soft boundary, and it is these systems that are
most likely not to be indicative of the primordial population,
especially as they are susceptible to stochastic destruction
(Parker & Goodwin 2012).
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The above conclusions do not detract from the fact that
binaries are an important part of the star formation process,
and in principle can tell us much about star formation. All
we have shown here is that their primordial orbital sepa-
rations and overall fraction are probably not drastically al-
tered in dense star-forming environments, and the need for
star formation to produce a large excess of primordial wide-
intermediate binary systems to compensate for dynamical
destruction in star-forming regions is not required.
Finally, we note that our work is not actually in conflict
with earlier numerical simulations which did require a signif-
icant degree of processing of (mainly) intermediate M-dwarf
binaries to explain the field population (Kroupa 1995b); this
earlier work did not have the updated binary statistics on
brown dwarfs, M-dwarfs and A-stars at its disposal.
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